Abstract-We evaluated the performances of the hydrogen-loading technique to reduce the radiation-induced absorption in optical fibers in the visible part of the spectrum. A reduction factor as large as one order of magnitude can be obtained in high dose-rate regime. Based on a spectral deconvolution method, we showed that hydrogen preferentially interacts with NBOHC defects while the number of POR defects is not affected.
I. INTRODUCTION
I N a few circumstances, commercially available devices can feature intrinsically high radiation-tolerant behavior [1] . When such equipment is not available, the radiation-hardening technique constitutes an alternative to engineer devices resistant to radiation. However, in terms of economics, the development of hardened products targets a limited market with little financial incentive. The rad-hard products are considerably more expensive. Consequently, experimental irradiation tests, ideally corroborated by mathematical simulations, are important for defining the reliability and the conditions of use of the hardened products.
Hydrogen processing of glass is viewed as a convenient tool for the enhancement of the radiation resistance of optical fibers. The ease of hydrogen to diffuse into the silica network allows the molecule to destroy defects created by the radiation and partially restore the optical transmission. The performance of hydrogen processing in irradiated fibers is best observed in the visible spectrum region where conventional optical fibers are usually strongly affected by radiation. With such significant improvements in the optical transmission, the fiber technology becomes a very attractive tool for visible plasma spectroscopy and fiberscope in radiation environments [2] .
The first contribution to the understanding of the mechanism by which hydrogen-impregnated optical fibers better perform under radiation was reported by Nagasawa [3] , in 1985. This analysis mainly focused on the global radiation response of irradiated fibers in the visible spectral region. However, it is well admitted that several defects contribute to the optical radiation-induced absorption (RIA). If we can resolve the optical band or in other words (optically) isolate each type of defects, the role of the hydrogen treatment can be identified and compared for each individual type of defects. The aim of this paper is to determine experimentally with which type of defects hydrogen preferentially interacts during the irradiation. We applied the spectral deconvolution approach to two fibers drawn from the same glass preform. One of these fibers underwent an hydrogen treatment while the other remained unchange. To determine the influence of the hydrogen, an accelerated irradiation test was conducted in the material testing fission reactor of SCK CEN.
In the next section, we review the optical characteristics of the defects (also called color centers) responsible for the RIA in the visible part of the optical spectrum. This review is also followed by a description of the influence of hydrogen in irradiated glasses.
II. BACKGROUND
The key element for producing a radiation resistant glass is to reduce the number of precursors of color centers. This can be achieved in various ways. First, the raw material used in the fabrication of the silica fiber preform should be as pure as possible since dopants and impurities introduce additional defects. Second, the fabrication technology should be controlled to lower the number of induced-drawing defects as much as possible. In addition, hydrogen processing of the glass has been found to greatly improve the radiation resistance because it is suspected to reduce the number of precursors of radiation-induced defects.
A. Color Centers
Radiation causes glasses to absorb light due to the creation of various types of defects. This radiation effect, still widely studied, is known as the RIA. A thorough and recent review can be found in [4] . Weeks [5] demonstrated for the first time in 1956 the existence of the center. Later, the nonbridging oxygen hole center (NBOHC) [6] and the peroxy-radical (POR) [7] were also discovered and extensively studied. , respectively, where the symbols and represent an unpaired electron and a trivalent bond respectively. Both defects are known to contribute to the strong optical absorption in the visible region. Table I lists the peak positions and the associated defects [8] .
We can note that these defects overlap one another in the 2 eV region. It is precisely this overlapping effect that seriously complicated the interpretation of the experimental observations, leading very often to controversies [9] and confusion in the peak position. In general, it is almost impossible to assign a defect to an optical band without using independent investigation techniques such as the absorption spectroscopy (AS) and the electron paramagnetic resonance (EPR). Therefore, it is important to point out that other defects may exist in the visible radiation-induced absorption band but we simply do not know. More recently, Borgermans [10] also reported the existence of an optical band at 2.2 eV in the KU1 glass. The origin of this defect is suspected to be related to the NBOHC.
B. Radiation Hardening of Optical Fibers and the Role of Hydrogen
The positive role of hydrogen against radiation-induced optical degradation was first demonstrated on bulk silica glasses by Faile [11] and Shelby [12] . Later, Nagasawa [3] observed a similar effect in irradiated glass fibers. The author observed that the hydrogen treatment, carried out either prior to or following the irradiation, drastically suppressed the 2 eV optical absorption band. In 1992, Lyons and Looney [13] investigated the radiation-induced loss response at only one wavelength (850 nm) in different hydrogenated fibers. The authors explained that the combination of the pre-irradiation sequence at moderate total dose followed directly by the hydrogen loading phase contributes to reduce the number of pre-existing defects and/or weak bonds that would otherwise act as precursors of color centers during subsequent irradiation. Even if the total dose range reported was limited to small values, it became clear at that time that the processing technique can be optimized by a combination of loading and pre-irradiation phases.
However, the authors [13] did not comment on the type of defects involved. A possible reaction explaining the radiation hardening results from the hydrogen cracking reaction on NBOHC sites (1) Recently, ab-initio calculations confirmed that reaction (1) is exothermic by 0.4 eV whereas the hydrogen dissociation on NBOHC sites only requires 0.1 eV [14] .
A more systematic study [15] at moderate dose regime confirmed the necessity to combine pre-irradiation and loading treatment to fix the hydrogen. In such circumstances, a spectacular improvement, as large as one order of magnitude, can be expected in the visible optical transmission of irradiated optical fibers. The authors concluded that the presence of hydrogen accelerated the annealing effect also during the irradiation and therefore was one of the reason (but not the unique one) for the increase of radiation hardness.
Concurrent to the drastic VIS-NIR optical loss reduction, Tomashuk [16] also reported an increase in the UV absorption in hydrogen-loaded fibers compare to "normal" fibers. Beside the positive role of hydrogen at 2 eV, the hydrogen-loading technique is usually accompanied by a strong increase of the absorption at infrared wavelengths associated with the overtone of Si-H and Si-OH groups. If necessary this problem can be successfully avoided by replacing hydrogen with deuterium [17] .
Due to water contamination, hydrogen is always present in glasses even in those considered as "dry" silica. In general, we can say that, depending on the hydrogen content (introduced either voluntary or not), the radiation-induced absorption response of optical fibers is lowered if the hydrogen concentration increases. The study of the effect of hydrogen in irradiated silica glasses is important not only because of the radiation hardening capability but also because of the importance for the radiation prediction response.
In the next section, we develop the spectral deconvolution approach to isolate each defect responsible for the RIA in the visible part of the spectrum. After, we follow the amplitude of each peak as a function of the dose in order to determine how hydrogen affects the kinetic of each defect.
III. OPTICAL BAND IDENTIFICATION IN KU1 GLASS
The KU1 material is a commercially available fused-silica glass known to exhibit good radiation performances. KU1 is a high-OH low-chloride glass similar to the Fluosil F-100 material. After drawing, the fiber was cut in two pieces. One piece of fiber was loaded with hydrogen while the other one remained untreated. The fibers are characterized by a pure silica core and clads with a fluorine-doped silica. The fibers are coated with UV-acrylate. The Fiber Optic Research Center, Moscow, Russia, fabricated the optical fibers and performed the hydrogen-loading in a similar manner as reported in [16] .
Before the irradiation, the two fibers remained for several months at room temperature. During this period, most of the hydrogen diffused out of the fiber and only the "stable" amount of hydrogen remained in the silica matrix. Table II summarizes the characteristics of the fibers.
A. Methodology
The idea of the spectral deconvolution approach is to isolate each suboptical band which is associated with one type of defect. The difficulty is the a-priori knowledge of the number of defects, the peak position and the full width at half maximum (FWHM) of the associated optical band. To obtain a sufficient degree of confidence, the optical characteristics of the radiation-induced defects must be correlated by means of an independent investigation technique different from the AS, such as for instance the EPR. This is the reason why the optical characteristics of the paramagnetic defects are usually well-documented in the literature.
Another difficulty is the limitation of the observable spectral range. In practise, the high intrinsic absorption of fiber optics makes very difficult the in situ measurement of the UV absorption. Unfortunately, the influence of the UV band extends also into the visible part of the spectrum.
A fair initial guess for the optical parameters in KU1 optical fiber can be obtained from the literature [8] , [10] . As mentioned in Section II, the optical band developing at the visible wavelengths is constituted by several suboptical bands associated with various type of defects: NBOHC, POR and . While the two first defects have strong influence around 2 eV, the center peaking in the UV at 4.8 eV also extends into the visible and gives rise to an "UV-related defects". The optical characteristics in the UV region is the most uncertain because of the high intrinsic absorption and the limitation of the measuring equipment.
If we assume for simplicity that the shape of each suboptical band can be represented by a gaussian while the band amplitude only depends upon the dose, a multi-gaussian model composed by 4 defects can resolve the optical band at any dose according to (2) is the dose and is the photon energy of the interrogating light. With this model, we implicitly assume that the shape of the optical bands is not affected by the dose. Only the band amplitude increases with the dose.
The method consists in selecting one spectrum corresponding to a certain dose at which the optical bands are well developed. To fit the experimental data, we used a Gaussian-Newton algorithm for the estimation of the peak position and the FWHM.
The methodology given here can be applied in principle to any glasses. However, because of variation from sample to sample it is advised to identify the optical band in carefully controlled experiements. This has be done in Section III-C.
B. Optical Band Identification in -Irradiated KU1 Optical Fiber
Because of ease of experimental implementation, the optical parameters was first determined by means of a gamma irradiation test before the reactor test (Section III-C). We irradiated the KU1 fiber in the Co irradiation facilities of SCK CEN, Belgium [18] . The fibers are loosely coiled round in loops of 60 mm diameter in order to avoid macro-bending losses. The temperature was kept constant at 130 C in all experiments. The [19] . The total dose reached the 5.0 MGy[SiO ] range. We measured in situ the spectral RIA according to the measurement scheme proposed by Griscom [20] . In this method, a short piece of fiber designated as the reference is irradiated simultaneously in the same conditions as the test fiber. The test fiber is identical to the reference fiber, except for the irradiated length which is usually ten times longer compare to the reference. The difference in the transmitted optical power (expressed in decibels) between the target and the reference loop yields the RIA value. This approach allows to compensate for possible dose-rate fluctuations along the fiber lead. In the meantime, temporal optical power fluctuations of the tungsten-halogen white light source are also eliminated. More details on the measurement scheme can be found elsewhere [21] . Applying the methodology of Section III-A, Fig. 1 shows the band identification in KU1 glass irradiated with Co gamma ray. Table III summarizes the peak positions and the FHWM resulting from the fits shown in Fig. 1 (untreated KU1 glass) .
C. Optical Band Identification in Fission Reactor-Irradiated KU1 Optical Fiber
We repeated the irradiation test in the fission reactor of SCK CEN. The advantage of the reactor test was to perform an accelerated test of the hydrogen-loaded fiber. The results related to the reactor test corresponds to the start of the reactor. The gamma dose-rate varied from 0 up to 1667 Gy/s at full power. It is important to note that the reactor irradiation test was carried out with the treated and untreated glass fibers irradiated at the same time. Therefore, the radiation response of the fibers can be compared on a same basis. In addition to the gamma the fibers were exposed to a maximum fast-neutron flux ( keV) of n/cm s corresponding to a maximum fluence of n/cm . With these conditions, the maximum displacement damage (dpa) induced by neutrons was estimated to be in the order of dpa (numerical code SPECTER [22] ). We assume that this low dpa value does not significantly affect the RIA behavior.
By repeating the methodology in the case of the reactor irradiation, the identification of the optical bands is obtained both in the hydrogen treated and untreated KU1 glass fibers.
Figs. 2 and 3 compare the spectral deconvolution between the untreated and hydrogen treated KU1 fiber. In the case of the hydrogen treated KU1 fiber, the corresponding optical parameters shown in Fig. 3 are listed in Table IV . The optical parameters of the KU1 optical fiber obtained in the case of the reactor irra- diation are identical to those obtained in the gamma irradiation (see Table III ). The parameter dispersion, i.e., the error, given in Tables III and IV corresponds to the 95% confidence level for the prediction of the parameters. We see that the dispersion is small for the POR and NBOHC defects while the error slightly increases with the unknown defect. Actually, the uncertainties increase when we move toward the UV (high energy) because of the limited observable range and the degradation of the data quality.
The spectral parameters given in Tables III and IV are in good agreement with those found in the literature for the KU1 glass (see Table I ). As shown in Figs. 1 and 2 , both gamma and reactor irradiation tests yielded consistent and identical spectral deconvolution values. In the case of the hydrogen treated glass, the peak position of the unknown defect tends to shift toward the high energy region while the POR and the NBOHC positions remain close to the values found in the untreated KU1 glass.
The optical band designated as "contribution of UV related defects" contains all the contributions due to the multiple defects peaking far in the UV (4.8 eV). Since there are no UV data available in the present experiment, we can not isolate each defect. This underlines the fact that the UV region strongly influences what happens in the visible part of the spectrum. Introducing this additional "degree of freedom" significantly improves the goodness of the fit in the visible part of the optical spectrum.
The comparison of Figs. 2 and 3 demonstrate the excellent performances of the hydrogen loading. We can estimate the efficiency of the hydrogen-loading technique. At 2 eV, the RIA reached almost 15 dB/m in the untreated fiber while it was about five times lower in the untreated fiber.
IV. DEPENDENCE OF THE NOBHC AND POR DEFECTS AS A FUNCTION OF THE DOSE
Ones the peak positions and the FHWM are known for each type of defects, we repeat the spectral deconvolution procedure at different doses. The peak positions and the FHWM were allowed to vary very slightly within a narrow interval (constrained problem) to permit the convergence to the optimum solution. Only the band amplitude varied freely (unconstrained problem). Hence, it is possible to follow the optical band amplitude of each defect as a function of the dose. We compare the amplitude evolution of the RIA caused by the specific defects observed in the treated and untreated fibers. The RIA is expressed as a function of the photon energy (eV) of the interrogating light and the dose.
Figs. 4 and 6 shows the amplitude evolution of the POR and the unknown defect respectively. No difference in the evolution is observed regarding the type of fibers. Therefore, hydrogen does not interact preferentially with these types of defects. On the other hand, major differences appear on Figs. 5 and 7. Keeping the dose constant, the NBOHC amplitude is the lowest with the hydrogen treated glass. Consequently, the hydrogen retards the formation of NBOHC according to a mechanism similar to (1) . Meanwhile, a steep increase in the UV occurs and is directly followed by a recovery. The hydrogen progressively diffuses and "neutralizes" the UV radiation-defects to reach an equilibrium level between destruction and production. This behavior correlates well with the earlier observation [16] stating that hydrogen makes the glass more sensitive to radiation in the UV region, at least at the beginning of the irradiation test.
V. CONCLUSION
The hydrogen-loading technique is a powerful tool to harden the optical fibers in the visible spectrum. Significant reduction of the optical loss can be obtained in a large variety of gamma dose-rate conditions even if the fiber is kept at room temperature for a long time. Direct applications of the hydrogen-loading are the plasma diagnostic spectroscopy and fibroscopy.
Based on an adequate spectral deconvolution model, we proposed a method to isolate the different defects responsible for the radiation-induced absorption in the visible part of the spectrum. Within the accuracy of this model, the spectral deconvolution is in good agreement with the values documented in the literature. After, we followed the amplitude evolution of each defects as a function of the dose. We experimentally observe that the hydrogen does not significantly interact with the POR defect (1.95 eV) but on the other hand, hydrogen retards the formation of NBOHC (2.05 eV). Meanwhile, when the hydrogen has diffused, the UV contribution diminishes to reach a new equilibrium. The reduction of the number of NBOHC together with the UV-related defect explains the radiation hardening.
Since the UV region seems to play an important role in the radiation hardening mechanism by hydrogen, future works should address the necessity to better sample the UV region prior to apply the deconvolution method.
